Neuro-axonal damage is a well known sequelae of MS pathogeneses. Consequently, our aim was to test whether the ϳ20% of patients with MS exhibiting a clinically benign disease course also have minimal neural dysfunction as reflected by the global concentration of their MR imaging marker NAA.
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Approximately 85% of new patients enter its RR stage characterized by cycles of relapses of varying severity and length, separated by remissions of different durations. 2 RRMS is often divided into 3 disease-course patterns 3 : rapid, moderate, and stable (often called "benign"). The current accepted definition of the latter is full functionality reflected by an EDSS 4 score of Յ3.0 at Ն15 years of disease duration. 5 Although the estimated prevalence of benign MS ranges from 6% to 64% (possibly reflecting different criteria), its accepted fraction is ϳ20%. 6, 7 The variable course of MS, its duration, high cost, and the limited availability (in some countries) of medications and their side effects make early identification and characterization of patients desirable for treatment planning and clinical study design and interpretation. 8, 9 Unfortunately, benign is currently only a retrospective diagnosis. Attempts to prospectively identify who will have this course have had only moderate success. 7, 10, 11 Using imaging metrics for this purpose has so far yielded paradoxes such as higher lesion loads and magnetization transfer ratios in patients with benign MS than in more disabled patients with MS, 12,13 conflicting brain atrophy rates, [14] [15] [16] and global atrophy indistinguishable from patients with secondary-progressive MS of similar disease duration. 17, 18 Although abnormalities have been seen in lesions and normal-appearing brain matter by using diffusion tensor imaging, accurately predicting fiber tracks through complex connections and tissue disruptions remains difficult. 19, 20 In contrast, axonal and neuronal damage have long been implicated as a main cause of irreversible MS disability. [21] [22] [23] [24] Indeed, regional declines in the MR imaging marker, the amino acidϪderivative NAA, which is almost exclusive to neurons and their processes, 25 have correlated better with clinical disability than other imaging metrics. 23, [25] [26] [27] [28] Because MS pathology is diffuse throughout the CNS, 29 it is not surprising that the WBNAA has also shown substantial (Ͼ10%) deficits in patients with RRMS relative to matched controls, 30, 31 which correlate with disease duration. 3 The need for reliable criteria to identify patients with MS who will remain with mild disability for the long term 9, 32 and the link between disability and neuronal damage 22, 33 provoke the hypothesis that patients with benign MS also have only (characteristic) minimal global neuronal injury, reflected by WBNAA that is similar to that in healthy controls. Here, we test this theory by comparing the WBNAA of patients meeting the "benign" criteria with values for healthy contemporaries and published values for patients with RRMS of shorter disease duration.
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Materials and Methods
Human Subjects
Forty-three patients with benign MS (30 women, 13 men), defined as an EDSS score Յ3.0 and a disease duration of Ն15 years at scanning time, were recruited. Their mean age was 44.7 Ϯ 7.3 years (range, 23-54 years), their mean disease duration from first symptom was 21.0 Ϯ 4.4 years (range, , and their mean EDSS score was 1.9 (range, 0 -3). Eleven were on disease-modifying medication (6 on ␤-interferon and 5 on glatiramer acetate). All medicated patients had been so for at least 1 year before their examination. All had been relapse-and steroid-free for at least 3 months before their clinical examination, which included an EDSS rating. Eleven experienced short nonsevere relapses within 5 years of the scanning, while the rest have remained relapse-free since clinical diagnosis. Twenty-four age-matched controls (13 women and 11 men, 42.9 Ϯ 12.8 years old) with no history of neurologic disease underwent the same scanning procedure as the patients. All provided institutional review boardϪapproved written consent, and the study was HIPAA compliant.
MR Imaging and Volumetry
All experiments were performed in a 1.5T Vision scanner using the circularly polarized transmit-receive head coil (Siemens, Erlangen, Germany). After placing the patient head-first supine into the scanner, we obtained 2 sets of images: axial proton-attenuation and T2-weighted dual turbo spin-echo (TR of 3300 ms, TE of 16 and 98 ms, 256 ϫ 256 matrix, 250 ϫ 250 mm 2 FOV, twenty-four 5-mm thick sections) for lesion-load estimation. These were followed by sagittal 3D T1-weighted MPRAGE images for brain volumetry: TR/TE ϭ 970/40 ms, TI ϭ 3000 ms, 15°flip angle, 256 ϫ 256 matrix, 210 ϫ 210 mm 2 FOV, one hundred twenty-eight 1.5-mm thick sections. Lesions were identified on the proton-attenuation images, with the corresponding T2-weighted MR images used to increase their identification confidence. The total load was subsequently estimated by using a local thresholding segmentation method. 34 36 and scaled into an absolute amount by using phantom replacement against a 3-L sphere of 1.5 ϫ 10 Ϫ2 mol NAA in water from the S S and S R 36 :
V S 180°a nd V R 180°a re the transmitter voltages into 50 ⍀ for nonselective 1-ms 180°inversion pulses on the reference and subject, respectively, reflecting their relative coil loading.
To account for the natural variations in human head sizes, we divided each patient's Q NAA by their V B to yield the Q NAA 36 :
which is a specific metric free of brain size, hence suitable for intersubject comparison. Its intra-and intersubject variability has been shown at better than Ϯ8%.
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Although this study is cross-sectional (only 1 point was acquired per patient), the average annual projected rate of change in the i-th patient can be estimated assuming the following: 1) Before the onset of MS, their WBNAA i was similar to the 12.8 mmol/L average of healthy contemporaries in this study, WBNAA; 2) The time from first symptom is a good approximation of disease duration, though admittedly it is always an underestimation and 3) WBNAA changes are monotonic throughout the subsequent years, ⌬T i . The projected decline rate is then 31 
3)
⌬WBNAA
Statistical Analyses
Disease duration, WBNAA, ⌬WBNAA, and lesion load were summarized as means Ϯ SDs. An exact Mann-Whitney U test was used to compare treated versus untreated patients and men versus women. ANCOVA based on ranks was used to make the same comparisons after adjusting for patient-specific covariates (eg, age and EDSS score). Specifically, each metric was converted to ranks used as the dependent variable in an ANCOVA to compare treated with untreated and male with female patients. Pearson and Spearman rank correlation coefficients were used to evaluate associations of the imaging metrics with each other and with age, EDSS score, and disease duration. Two-sided P values were declared significant when Յ.05. SAS Version 9.0 (SAS Institute, Cary, North Carolina) was used for all statistical tests, and PASS 2002 (Number Cruncher Statistical Systems, Kaysville, Utah) was used to assess their statistical power. A regression analysis was conducted to examine the dependence of WBNAA on disease duration and to test whether the projected rate of change in WBNAA was different between the benign cohort and that reported in moderately declining patients with RRMS. 3 WBNAA was used as the dependent variable, and the model to predict WBNAA included subject group as a classification factor, disease duration as a numeric factor, and the term representing the interaction between these factors. A significant interaction would imply that the projected rate of change in WBNAA per year of disease duration is different for the 2 subject groups. The error variance was allowed to differ across subject groups to avoid the unnecessary assumption of variance homogeneity. We used a Monte Carlo technique to simulate the longitudinal data for a single patient, assuming a consistent 1.7% annual decline rate subject to a 6% single-measurement error to estimate the necessary length of a serial study required to achieve significance.
Results
Representative axial MPRAGE images and whole-brain spectra from a patient with benign MS and a matched control are shown in Fig 1. The images illustrate typical differences in atrophy between the 2 groups as well as the T1 hypointense lesion load in the patient. The respective whole-head 1 H-spectra shown demonstrate how the NAA peak area is estimated for equation 1. The mean WBNAA in the 43 patient cohort was 8.3 Ϯ 1.8 mmol/L, highly significantly (35%, P Ͻ .001) lower than the 12.8 Ϯ 1.2 mmol/L of the controls. Their average lesion load was 12.2 Ϯ 7.7 cm 3 or just ϳ1% of the brain volume, commensurate with their disease duration regardless of course. 12, 38 The average annual rate of WBNAA decline for each member of the cohort, ⌬WBNAA i from equation 3, was Ϫ0.22 Ϯ 0.09 mmol/L/year (ϳ1.7%), as shown in Fig 2 (top) for the ϩ2…Ϫ3 mmol/L/year range reported previously for patients with RRMS of a much shorter disease duration. 3, 39 As the scale is narrowed (Fig 2 bottom) , the uniform slow, normal WBNAA loss rate distribution becomes more apparent, regardless of medication status.
Each patient's WBNAA value was also plotted as a function of his or her disease duration (in years) in Fig 3, The dependence reported before for patients with RRMS of shorter disease durations 3 and controls is also shown for comparison in Fig 3. The data demonstrate that our benign cohort is similar in terms of the WBNAA projected rate of change to patients with "moderate" nonbenign RRMS because the 95% confidence interval for the difference between these rates extends from Ϫ0.01 to 0.3.
No correlation was found between WBNAA and EDSS, lesion load, age, or disease duration. Additionally there was no significant difference in WBNAA when comparing sex or patients receiving treatment versus those who were not, as well as those who had a recent (within 5 years) relapse versus those who have not. There was also no correlation between disease duration and either the lesion load or the EDSS score.
The Monte Carlo simulation determined that it would require 20 scans each separated by at least 6 months to establish an individual's 1.7%/year WBNAA decline rate with statistical significance.
Discussion
Despite the importance of prospective prognostic metrics for a benign MS course, the attempts to identify these have so far proved elusive, yielding no true consensus. 9 Various explanations as to why laboratory (and in particular quantitative MR imaging) metrics have fallen short have been offered and reviewed by Rovaris et al. 9 While they provide interesting insights into the nature of the pathologic underpinnings of the benign phenotype, they could not identify a reliable diagnostic method that would establish this prognosis. 7, 10, 11 The mild clinical course and accepted notion that MS targets axons and neurons 23, [25] [26] [27] [28] raised the possibility that a marker of their integrity may provide such a prognosis, 40 while lesion loads and atrophy rates have come up short. [14] [15] [16] Additional support for this idea includes reports that approximately 20% of patients with RRMS exhibit WBNAA no different from that in healthy controls, while that in the rest was significantly lower. 3, 30, 31 Taken together, these findings prompted our hypothesis that the WBNAA of patients with benign MS should be similar to that in healthy contemporaries, regardless of disease duration. This hypothesis also invokes a corollary that the WBNAA should, therefore, be higher in patients with benign than in nonbenign MS.
Unfortunately, the highly significant average 35% WBNAA loss by this benign cohort leads us to reject the hypothesis. Furthermore, the regression lines of WBNAA versus disease duration of our cohort similar to those extrapolated from patients of shorter (0 -12 years) RRMS duration (Ϫ0.13 ϫ years ϩ11.4 mmol/L) causes us to also reject the corollary. Consequently, on the basis of these data, neuronal preservation is not characteristic of benign MS and WBNAA and is unlikely to be a prospective indicator for its course. Nevertheless, because none of these patients had the 1.7 mmol/L/year WBNAA loss rate reported for the "rapid" RRMS group, 3 it is unlikely that any new patient with MS exhibiting such fast loss will follow a benign course.
The distribution of WBNAA decline rates of these patients with benign MS is both narrow, 0.16 mmol/L/year full width at half height, and slow, 0.22 mmol/L/year. In other words, the rate histogram is only the width of 1 year's decline, a finding distinct from previous reports in the general RRMS patient populations. 3, 31 This finding refutes reports that most neuroaxonal damage (NAA loss) accrues early in the disease course, 30, 41, 42 for if it were true, longer disease duration (T i in equation 3) would lead to lower WBNAA loss rates. Given the range of disease durations, the narrow distribution of decline rates suggests that this is probably not the case.
Although this study is cross-sectional, we are nevertheless able to estimate a WBNAA decline of 1.7%/year based on the 2 assumptions of average normal concentration at diagnosis and of a monotonic decline. On the basis of the 6% intrinsic precision of each WBNAA measurement, a longitudinal study would require subjects to be scanned at least 20 times separated by at least 6 months to establish statistical significance for such a slow rate. The 10 -20 years that would be required to conduct such a longitudinal study will render it susceptible to several confounding but probably unavoidable MR imagingϪequipment upgrade cycles, as well research team turnover and patient cohort attrition (ie, making it prohibitively difficult).
Because this study is not longitudinal, the reported WBNAA loss rates should be viewed as only estimates based on 1 measurement. That the WBNAA can be extrapolated from the established data for patients with moderate RRMS, however, hints at 2 possible scenarios: First, that "benign" may be an RRMS phenotype that is simply more adept in compen- 3,39 Bottom: Zoomed detail of the average annual rate of WBNAA decline. Note that not only is the WBNAA decline slow, uniform, and normally distributed but that there is also no distinction between medicated and nonmedicated patients. satory mechanisms exploiting the brain's plasticity. 43 Second, although the lesion loads between this cohort (12.2 Ϯ 7.7 cm 3 ) and clinically dissimilar subtypes are comparable, 12 patients with benign MS accumulate lesions that fortuitously miss eloquent brain regions involved in EDSS assessment. 13 Their lesions have especially spared the spine, where each would have a pronounced impact without a noticeable increase in their load. Whether these 2 above scenarios work separately or in concert, their consequence is that these patients unfortunately run the risk of ultimately having a precipitous decline in the future, when their reserves are exhausted or eloquent regions are impacted. That will bring their disability in line with that of other patients with MS of similar disease duration.
The paucity of serial studies of benign MS, however, renders patients' long-term outcomes relatively vague. The longest (21-year) follow-up of 47 such patients found that on the basis of EDSS alone, only 7 (15%) conditions were still considered benign, 10 patients (21%) had died with significant MS-related disability, and 8 (17%) had died of non-MS-related causes. The remaining 22 all required ambulatory assistance. 11 These findings suggest that benign may be an overly optimistic misnomer due to the small number of patients who persisted in qualifying under the strict criteria and to the relatively precipitous clinical decline of the rest. 11 Our results showing significant accumulating neuroaxonal injury despite apparent maintenance of clinical functionality are, therefore, consistent with that conclusion.
Admittedly the WBNAA approach trades localization for sensitivity and speed, incurring 2 limitations 44 : First, as mentioned above, global changes smaller than the 6%-8% sensitivity threshold are undetected. Second, regional NAA variations are averaged out and are subject to the first limitation. Such a trade-off may be acceptable, however, for diffuse pathologies. In addition, decline-rate estimates are based on 1 measurement and the assumption that at first symptom, a subject's WBNAA is no different from that of a healthy control; the model, equation 3 and Fig 3, assumes monotonic WBNAA decline throughout the long disease duration. Although these assumptions may contradict reports that (significant) NAA loss is already present and that NAA declines faster early in the MS course, cohorts in which these observations were made comprised mostly patients with early RRMS. 30, 41, 42 Furthermore, the fact that the regression line extrapolated from patients with shorter disease duration also describes the WBNAA in subjects with benign MS indicates a decline that continues even beyond the earlier course. Finally, we did not compare the WBNAA of patients with benign MS with that in patients with nonbenign RRMS of similar disease duration due to recruitment difficulty: Most patients with MS with a long (Ͼ15 years) disease duration convert to the secondaryprogressive form (50% after 10 years and Ͼ90% after 20 -25 years 45 ), rendering them either ineligible or too disabled to participate.
Conclusions
Retaining neuronal function reflected by WBNAA level similar to that in healthy contemporaries is paradoxically not a characteristic of patients with benign MS, despite the minimal disability they accumulate with very long disease durations. Instead, their NAA losses can be extrapolated for their disease duration from that of patients with RRMS of much shorter disease duration. These findings are consistent with combinations of adept compensatory mechanisms together with fortuitous sparing of eloquent brain regions. This finding corroborates WBNAA as a probe of the effect of MS on the production of this neuronal marker and may be instrumental in distinguishing "rapid" MS from the "moderate" and "benign" phenotypes due to the much faster WBNAA decline of the former. Finally, the extent of absolute NAA decline (despite a clinically benign disease course) may suggest that even these patients would probably benefit from treatment paradigms that are currently offered to the other more affected patients with RRMS.
